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DIABETES MELLITUS IS A CONDITION that is becoming epidemic in proportion, with an estimated 330 million to be affected worldwide by the year 2030 (12) . Of the individuals diagnosed, type 2 diabetes mellitus accounts for ϳ90 -95% of cases (12) , which has been attributed to poor diet and sedentary lifestyles (21) . Type 2 diabetes mellitus is characterized by insulin resistance resulting from an imbalance in glucose homeostasis (21) . The body does not properly use the insulin produced in response to increased blood glucose levels, and over time the pancreas eventually loses its ability to produce insulin (12) .
Cardiomyopathies are a leading cause of morbidity and mortality in individuals with diabetes mellitus (18) . Mitochondrial dysfunction contributes to the development of cardiovascular complications resulting from type 2 diabetes mellitus (7, 9, 15) . The cardiomyocyte possesses spatially distinct subpopulations of mitochondria that display different morphological and biochemical features (16, 25) . Subsarcolemmal mitochondria (SSM) are located beneath the plasma membrane (sarcolemma), whereas interfibrillar mitochondria (IFM) are situated in between the contractile elements (myofibrils). These two pools of mitochondria respond differently to cardiovascular insult, such as diabetes mellitus, aging, and ischemiareperfusion (15, 22, 23) .
Studies using mouse models of type 2 diabetes mellitus (db/db) have reported dysfunctional mitochondria accompanied by cardiac contractile abnormalities (6, 7, 9, 30) . Mitochondrial functional analyses have revealed decreased palmitoylcarnitine-mediated state 3 respiration rates in cardiac mitochondria of db/db mice (20) and oxidative phosphorylation in ob/ob mice, another model of type 2 diabetes mellitus (8) . Upon examination of the two separate pools of mitochondria, our laboratory observed decreased state 3 respiration rates using complex I substrates and oxidative phosphorylation, as well as an altered mitochondrial proteomic profile primarily in the diabetic SSM, with the IFM being affected to a much lesser extent (15) .
Though animal studies have provided convincing evidence of differential responses by spatially distinct mitochondrial subpopulations during type 2 diabetes mellitus, data evaluating human patients with diabetes are limited. Skeletal muscle biopsies have revealed mitochondrial dysfunction in patients with type 2 diabetes (19) , specifically in the SSM subpopulation (28) . Anderson et al. (2, 3) reported decreased mitochondrial function in type 2 diabetic atria. Nevertheless, it is unclear as to whether type 2 diabetes mellitus affects spatially distinct cardiac mitochondrial subpopulations differently in the human heart. The goal of this study was to determine whether cardiac mitochondrial subpopulations are impacted differently in patients with type 2 diabetes. Our results suggest that type 2 diabetes mellitus negatively impacts SSM function to a greater extent than IFM and that these effects may be attributed to changes in oxidative phosphorylation machinery. Furthermore, comorbidities, such as coronary artery disease (CAD), hypertension, and body mass index (BMI), are not responsible for the cardiac mitochondrial dysfunction in the heart of a patient with type 2 diabetes.
MATERIALS AND METHODS
Human patient population. The West Virginia University Institutional Review Board and Institutional Biosafety Committee approved all protocols. Individuals undergoing coronary artery bypass graft surgery or cardiac valve replacement at Ruby Memorial Hospital in Morgantown, West Virginia, consented to the release of their cardiac tissue to the West Virginia University School of Medicine. Consenting individuals were then characterized as nondiabetic or diabetic based on previous diagnosis of diabetes mellitus. Demographic and clinical data of the human patient population examined are shown in Table 1 .
Individual mitochondrial subpopulations isolation. Right atrial appendages were removed from patients and rinsed in phosphatebuffered saline (pH 7.4). Pericardial fat was then trimmed and the heart tissue was weighed. SSM and IFM were isolated as previously described by Palmer et al. (25) with modifications by our laboratory (16, 17, 37) . Mitochondrial pellets were resuspended in KME buffer (consisting of 100 mM KCl, 50 mM MOPS, and 0.5 mM EDTA; pH 7.4) for mitochondrial respiration, flow cytometric analyses, and enzymatic activity measurements. Protein content was determined by the Bradford method using bovine serum albumin as a standard (10) .
Mitochondrial size, internal complexity, and membrane potential. Mitochondrial subpopulation size, internal complexity, and membrane potential were examined as previously described by our laboratory with modifications (15, 16, 37) . Briefly, flow cytometric analyses were performed using a FACS Calibur equipped with a 15-MW 488-nm argon laser and 633-nm red diode laser (Becton Dickinson, San Jose, CA). The ratiometric dye 5,5=,6,6=-tetrachloro-1,1=,3,3=-tetraethylbenzimidazol carbocyanine iodide (JC-1; Molecular Probes, Carlsbad, CA) was used to selectively probe and gate for respiring mitochondria. Freshly isolated mitochondrial subpopulations were incubated with the dye and subsequently assessed for size and internal granularity. Forward-scatter and side-scatter detectors were used to examine approximate size (forward scatter; absolute particle size) and approximate internal complexity (side scatter; refracted and reflected light that is proportional to granularity of the object) in isolated mitochondrial subpopulations. Changes in membrane potential were recorded as the ratio between the color shift from green to orange. All flow cytometric measurements were performed in conjunction with the West Virginia University Flow Cytometry Core Facility.
Mitochondrial respiration rates. State 3 and state 4 respiration rates were measured in isolated mitochondrial subpopulations as previously described (13, 14, 34) , with modifications (17) . Briefly, isolated mitochondrial subpopulations were resuspended in KME buffer and protein content was determined by the Bradford method (10). Mitochondria protein was added to respiration buffer, consisting of 80 mmol/l KCl, 50 mmol/l MOPS, 1 mmol/l EGTA, 5 mmol/l KH 2PO4, and 1 mg/ml BSA, and placed into a respiration chamber, which was connected to an oxygen probe (OX1LP-1mL Dissolved Oxygen Package, Qubit System, Kingston, ON, Canada). Maximal complex I-mediated respiration was initiated by the addition of glutamate (5 mM) and malate (5 mM), whereas maximal fatty acid-mediated respiration was initiated by the addition of palmitoylcarnitine (40 M) and malate (5 mM). Data for state 3 (250 mM ADP) and state 4 (ADP limited) respiration were expressed as nanomoles of oxygen consumed per minute per milligram protein.
Electron transport chain complex activities. Complex I, III, and IV activities were measured spectrophotometrically as previously described (15) (16) (17) 32) . Complex I activity was determined by measuring the oxidation of NADH at 340 nm. Complex III activity was determined by measuring the reduction of cytochrome c at 550 nm in the presence of reduced decylubiquinone. Complex IV activity was determined by measuring the oxidation of cytochrome c at 550 nm. Protein content was determined by the Bradford method (10) as above, and electron transport chain (ETC) activities were expressed in nanomoles of oxygen consumed per minute per milligram protein.
ETC complex protein expression. To assess ETC complexes I and IV abundances, blue native polyacrylamide gel electrophoresis (BN-PAGE) was performed as previously described (4) with modifications according to the manufacturer's protocol (Invitrogen, Carlsbad, CA) using equal amounts of protein. Briefly, isolated mitochondria were solubilized with 1% digitonin on ice. After addition of Coomassie G-250, samples were run on 4 -16% NativePAGE gels. Following BN-PAGE, gels were placed in a fixed solution containing 40% methanol and 10% acetic acid followed by microwaving for 45 s at 1,100 W. Gels were then washed for 15 min at room temperature, after which the solution was decanted. Destaining was accomplished by the addition of 50 ml of an 8% acetic acid solution and microwaved a second time for 45 s at 1,100 W. The gel was then shaken at room temperature until the desired background was obtained. To control for destaining time and enable comparison between gels, each band of interest was expressed per the molecular mass marker 480-kDa band. The gel was then scanned and densitometry was measured using ImageJ software (National Institutes of Health, Bethesda, MD).
Statistics. Means and means Ϯ SE were calculated for all data sets. Data shown in Table 1 and in all subsequent figures were analyzed with a Student's t-test, where P Յ 0.05 was considered statistically significant. Logistic regression was performed to determine if any comorbidities were associated with diabetes mellitus incidence. The relationship between glycated hemogloblin (HbA1c) values and functional outcomes were assessed using a linear spline model with a break point at HbA1c equal to 6.5%. The World Health Organization indicates that a patient is considered diabetic if HbA1c level is Ն6.5% (39) . The use of a linear spline model enabled determination of different linear relationships (i.e., those with HbA1c Ͻ 6.5% and those with HbA1c Ͼ 6.5%). Similarly, the relationship between blood glucose levels and functional outcomes were also assessed using a linear spline model with a break point at 200 mg/dl, which is the level used by the American Diabetes Association to diagnose a patient as being diabetic (1) . To determine if any differences in mean outcomes were confounded by other factors, ANOVA models including CAD and hypertension were performed. This type of model estimates means "averaging" over the effects of other variables. In the current study, we calculated the mean of each outcome for patients with and without diabetes averaged over the effects of CAD and hypertension. This enabled us to estimate means that are not influenced by the presence or absence of CAD or hypertension.
RESULTS

Human patient characteristics.
Eighty one patients were categorized into two groups, patients with and without type 2 diabetes, based on prior diagnoses (Table 1) . Age and sex were similarly distributed between the two groups, and all patients were of Caucasian decent. Patients with diabetes had significantly higher BMI, HbA1c, and blood glucose levels (P Յ 0.05 for all three). Greater than 80% of both patients with and without diabetes were diagnosed with hypertension and CAD. Patients with diabetes were actively receiving medications, such as metformin or insulin as a treatment for diabetes mellitus. The majority of both patients with and without diabetes were receiving ␤-blockers, angiotensin-converting enzyme inhibitors, and/or 3-hydroxy-3-methyl-glutaryl-CoA reductase inhibitors (statins) ( Table 1) .
Mitochondrial morphology and membrane potential. Literature suggests that mitochondrial dysfunction is associated with mitochondrial morphological alterations (15, 19, 28) . Isolated mitochondria were analyzed by flow cytometry using JC-1, a dye that only migrates into intact mitochondria in a membrane potential-dependent fashion. Gating was selected for the measurement of intact mitochondria and excluded debris. Significant differences were observed in forward-and side-scatter histograms consistent with the presence of different mitochondrial subpopulations (Fig. 1, A and B, respectively), based on mitochondrial size and internal complexity. Similar to type 2 diabetic mouse models, SSM were larger in size and had a greater internal complexity compared with IFM (P Յ 0.05; Fig. 1 , C and D, respectively) (15, 16, 37) . No differences in mitochondrial size or internal complexity were observed between patients with and without diabetes for either subpopulation.
Using a number of different mouse models, our laboratory has previously reported higher membrane potential in the IFM compared with the SSM measured by flow cytometry (5, 16). Fig. 2 . Mitochondrial subpopulation respiration rates. Cardiac mitochondrial subpopulations were isolated and respiration rates were measured using different substrates. Glutamate and malate were used as substrates to measure maximal complex I-mediated respiration [state (St) 3 and state 4] for nondiabetic and diabetic SSM (A; state 3, n ϭ 28 patients without diabetes and n ϭ 23 patients with diabetes; and state 4, n ϭ 28 patients without diabetes and n ϭ 22 patients with diabetes) and nondiabetic and diabetic IFM (B; state 3, n ϭ 28 patients without diabetes and n ϭ 23 patients with diabetes; and state 4, n ϭ 28 patients without diabetes and n ϭ 23 patients with diabetes). Palmitoylcarnitine and malate were used as substrates to measure maximal fatty acid-mediated respiration (state 3 and state 4) for nondiabetic and diabetic SSM (C; state 3, n ϭ 16 patients without diabetes and n ϭ 9 patients without diabetes; and state 4, n ϭ 15 patients without diabetes and n ϭ 9 patients with diabetes) and nondiabetic and diabetic IFM (D; state 3, n ϭ 16 patients without diabetes and n ϭ 13 patients with diabetes; and state 4, n ϭ 16 patients without diabetes and n ϭ 13 patients with diabetes In the human heart, IFM exhibited a greater membrane potential compared with SSM; however, no differences were observed between patients with and without diabetes (P Յ 0.05; Fig. 1E ).
Mitochondrial respiration rates. Isolated mitochondrial subpopulations displayed respiratory control ratios between 24 and 33 with no significant differences between patients with and without diabetes for a given mitochondrial subpopulation (Fig. 2) . Mitochondrial respiration rates were measured in isolated mitochondrial subpopulations from patients with and without diabetes. When glutamate and malate were used as substrates to measure maximal complex I-mediated respiration, diabetic SSM displayed significantly decreased state 3 and state 4 respiration rates compared with nondiabetic (P Յ 0.05; Fig.  2A) , with no differences observed in the IFM (Fig. 2B) . When palmitoylcarnitine and malate were used as substrates to mea- sure maximal fatty-acid respiration, both state 3 and state 4 respiration rates were significantly decreased in the diabetic SSM (P Յ 0.05; Fig. 2C ), with no changes in IFM (Fig. 2D) .
To determine whether the degree of hyperglycemia or HbA1c level was an indication of the extent of mitochondrial dysfunction observed in patients with diabetes, we generated linear spline models to assess correlative risks. In Fig. 3, A and B, state 3 respiration rates were plotted against HbA1c levels, whereas in Fig. 3, C and D , state 3 respiration rates were plotted against blood glucose levels. In each model, we selected a break point (dashed line) that represented the value at which diagnosis of diabetes mellitus is given in a clinical setting. For HbA1c, a value of 6.5% was selected, whereas for blood glucose, a value of 200 mg/dl was selected, both of which represent values clinically used to diagnose diabetes mellitus in the patient (1, 39) . In Fig. 3, A and C (Fig. 3, A and C) . Contrary to our findings in SSM, the analyses in IFM indicated linear slopes that were similar between patients with and without diabetes (Fig. 3, B and D) .
ETC complex activities. Mitochondrial function was further examined by measuring ETC complex activities. As seen in Fig. 4 , ETC complexes I and IV activities were significantly decreased in the SSM of patients with type 2 diabetes relative to patients without diabetes with no significant difference in complex III activity (P Յ 0.05, Fig. 4A ). ETC complexes I, III, and IV activities were not altered in diabetic IFM compared with nondiabetic IFM (Fig. 4B) .
We determined whether the degree of hyperglycemia or HbA1c level was predictive of the SSM ETC complex I functional decrement observed in patients with diabetes, using a linear spline model. In Fig. 5 , A and C, patients without diabetes (left of the dashed line) displayed a linear correlation with a decreasing slope suggestive of decreased SSM ETC complex I activity with increasing HbA1c or blood glucose level. In contrast, patients with diabetes (right of the dashed line) displayed a linear correlation with little to no slope indicating a steady, low SSM ETC complex I activity regardless of increasing HbA1c or blood glucose level (Fig. 5, A and  C) . Similarly, linear spline analyses in IFM showed linear slopes that were similar between patients with and without diabetes (Fig. 5, B and D) .
ETC complex protein expression. To determine whether decreased ETC complex activities observed in patients with diabetes were due to a loss of the specific ETC protein complex, we assessed the contents of ETC complexes by BN-PAGE in a cohort of patients with diabetes who displayed decreased ETC complex I and IV activities relative to nondiabetic controls. Figure 6 is a representative BN-PAGE gel showing diabetic and nondiabetic SSM following Coomassie staining. Individual complexes are indicated relative to the molecular mass marker. As indicated above, each individual band under evaluation was expressed relative to the 480-kDa molecular mass marker band in the individual gel to control for the Coomassie staining/destaining procedures. Both ETC complexes I and IV were significantly decreased in diabetic SSM (P Յ 0.05 for both, Fig. 7 , A and C, respectively) with no change observed in complex III expression (Fig. 7B ). In contrast, no differences in ETC complexes I, III, or IV were observed in diabetic IFM compared with nondiabetic IFM (Fig.  7, D-F, respectively) . These results suggest that loss of ETC complexes I and IV in patients with diabetes may mechanistically underlie the observed decreases in ETC complex I and IV activities of diabetic SSM.
Type 2 diabetes mellitus and the influence of comorbidities. The presence of comorbidities including CAD and hypertension complicate the evaluation of mitochondrial dysfunction in the context of the patient with type 2 diabetes. Nevertheless, we sought to determine whether the presence of specific comorbidities were responsible for the observed mitochondrial dysfunction in patients with diabetes. To perform these analyses, patients were categorized as either nondiabetic or diabetic, possessing both CAD and hypertension ( Table 2) . The results reveal decreases in SSM respiration rates and ETC complex I and IV activities only in patients with diabetes. To determine if any associations observed in Table 2 were poten-B A Fig. 4 . Electron transport chain (ETC) activities in mitochondrial subpopulations. Cardiac mitochondrial subpopulations were isolated and ETC complex I, III, and IV activities were measured in the nondiabetic and diabetic SSM (A) and IFM (B). SSM complex I (n ϭ 47 patients without diabetes, and n ϭ 34 patients with diabetes) and SSM complex III and IV (n ϭ 47 patients without diabetes and n ϭ 33 patients with diabetes) are shown. IFM complex I (n ϭ 46 patients without diabetes, and n ϭ 33 patients with diabetes), IFM complex III (n ϭ 45 patients without diabetes, and n ϭ 33 patients with diabetes), and IFM complex IV (n ϭ 45 patients without diabetes and n ϭ 32 patients with diabetes) are shown. Values are means Ϯ SE. Units are activity per minute per milligram of protein. Black bars represent patients without diabetes, and white bars represent patients with diabetes. *P Յ 0.05, SSM nondiabetic vs. SSM diabetic (n ϭ 47 patients without diabetes, and n ϭ 34 patients with diabetes).
tially confounded by CAD and hypertension, we performed an ANOVA in which we adjusted for CAD and hypertension (Table 3) . Table 3 indicates that the observed decrease in state 3 and state 4 complex I-mediated mitochondrial respiration and ETC complex I activities are not influenced by the presence or absence of CAD or hypertension. Taken together, these findings indicate that the mitochondrial dysfunction observed in patients with type 2 diabetes who have both CAD and hypertension is not due to either CAD or hypertension independently.
Type 2 diabetes mellitus and the influence of BMI. Because patients with type 2 diabetes are often obese, we determined whether BMI was associated with dysfunctional SSM state 3 respiration rate and ETC complex I activity profiles by examining the distribution pattern of patients who are obese and nonobese plotted in the linear spline analyses. A break point at . Linear spline illustration for ETC complex I activity. Linear spline models for HbA1c and ETC complex I activity were performed with a break point at an HbA1c level equal to 6.5% (dashed line). The linear relationship before and after the break point are plotted for SSM (n ϭ 34 patients without diabetes, and n ϭ 34 patients with diabetes; A) and IFM (n ϭ 34 patients without diabetes, and n ϭ 33 patients with diabetes; B) with dots representing each patient with a reported HbA1c level (n ϭ 34 patients without diabetes, and n ϭ 33 patients with diabetes). A linear spline model for blood glucose and ETC complex I activity was performed with a break point at a blood glucose level equal to 200 mg/dl (dashed line). The linear relationship before and after the break point are plotted for SSM (n ϭ 36 patients without diabetes, and n ϭ 33 patients with diabetes; C) and IFM (n ϭ 36 patients without diabetes, and n ϭ 32 patients with diabetes; D) with dots representing each patient with a reported blood glucose level (n ϭ 36 patients without diabetes and n ϭ 32 patients with diabetes). Units are activity per minute per milligram of protein.
an HbA1c level of 6.5% was used to separate patients with diabetes from those without diabetes as above (dashed line) (Fig. 8) . Based on the World Health Organization, patients whose BMI is Ͻ30 kg/m 2 (indicated by white circles) are considered nonobese, whereas patients whose BMI is Ͼ30 kg/m 2 (indicated by black circles) are considered obese (38) . We anticipated that if obesity produced a pronounced impact on mitochondrial function, all of the patients who were obese would be clustered at the bottom of the linear spline model, indicating lower mitochondrial function compared with the patients who were not obese. Interestingly, we observed an even distribution (random scatter) among patients who are and are not obese throughout the analyses, suggesting that BMI itself does not independently impact SSM state 3 respiration regardless of HbA1c level (Fig. 8A) . Similar analyses were performed with SSM ETC complex I activity as the dysfunctional index (Fig. 8B) and also revealed an even distribution (random scatter) among patients who are and are not obese throughout the analyses, suggesting that BMI itself does not independently impact SSM ETC complex I activity regardless of HbA1c level (Fig. 8B) . Taken together, the findings indicate that the BMI of an individual is not an effective predictor of mitochondrial dysfunction associated with the type 2 diabetic state.
DISCUSSION
Mitochondrial dysfunction contributes to cardiovascular complications that are associated with type 2 diabetes mellitus (15, 19, 26, 28) . The existence of two spatially distinct mitochondrial subpopulations in the cardiomyocyte complicates mitochondrial analyses. Using rodent models, our laboratory and others have reported that the two separate pools of mitochondria are affected differently by pathologies, such as diabetes mellitus (15, 22, 23) . To date, limited research has been conducted using human heart tissue for the examination of mitochondrial dysfunction (35) during diabetes mellitus (2, 3) . The goal of this study was to determine how type 2 diabetes mellitus influences mitochondrial subpopulations in cardiac tissue from human patients. Our results reveal that cardiac mitochondrial dysfunction is present in patients with type 2 diabetes and that the SSM subpopulation is affected to a greater extent than the IFM, as evidenced by decreased complex I-and fatty acid-mediated respiration, as well as decreased ETC complex I and IV activities and expression.
Of particular interest is the comparison between the findings from our previous type 2 diabetic rodent (db/db) study (15) and those of this human study which indicate distinct similarities as well as differences in mitochondrial responses. In terms of similarities, both db/db mice and patients with type 2 diabetes display decrements in complex I-mediated and fatty acidmediated respiration as well as decreases in ETC complex I and IV activities, solely in the SSM. In contrast, db/db mice also displayed decreases in complex III activity as well as membrane potential in SSM, which did not manifest in the patient with type 2 diabetes. It is unclear as to why the differences in response but in the case of complex III activity may be the result of a greater variation in the human data. Indeed, complex III activities displayed a greater level of variability in patients with type 2 diabetes compared with either complex I or IV activities and, as a result, may have limited our ability to observe a functional difference between patients with and without diabetes. In general, mitochondrial analyses in the human cohort did display a greater level of variation compared with db/db mice that may be the result of differences in the extent and duration of the disease as well as the various medications being taken by each patient. Furthermore, our human studies relied on the use of atrial tissue for their analyses, whereas the db/db experimentation used ventricular tissue, which may be influenced somewhat differently in their functional responses to the type 2 diabetic phenotype. The use of atrial tissue from patients as a surrogate is often necessary based on the ability to consistently obtain fresh atrial tissue and the inability to consistently obtain fresh ventricular tissue. Though these two tissues differ, studies have reported similarities in terms of relative changes in the activity of specific proteins when evaluating both rodent ventricle and human atrial tissue in the type 2 diabetic heart (11). Nevertheless, this is a limitation to the current study. Despite these differences, the findings of particular impact on the SSM and, specifically, complexes I and IV suggest that the manifestation of mitochondrial dysfunction in the type 2 diabetic heart shares considerable etiological commonality between db/db mice and patients with type 2 diabetes.
Though data examining cardiac mitochondrial subpopulations in patients with diabetes are limited, similar evaluations in skeletal muscle exist. Ritov et al. (28) examined mitochondrial subpopulations in the vastus lateralis of patients with type 2 diabetes and made comparison to patients without diabetes who are obese and lean. These authors observed a reduction in ETC activity in the SSM of patients with type 2 diabetes compared with lean controls, which was less pronounced when comparing patients without diabetes but obese to lean controls. These findings were complemented by an observed decrease in SSM content as assessed by electron microscopy. These findings, though not in absolute agreement with our studies, suggest that the SSM may be a central mechanistic target for mitochondrial dysfunction that occurs in the muscle (skeletal or cardiac) of patients with type 2 diabetes. These observations are consistent with skeletal muscle studies in patients with type 2 diabetes, indicating a threefold higher lipid accumulation specifically at the sarcolemma that can be reduced by an exercise training intervention (24) . Taken together, these results support the contention that a lipotoxicity-driven mechanism contributes to mitochondrial dysfunction in type 2 diabetic muscle, (31, 36) particularly in the subsarcolemmal locale. With that being said, one must consider that the con- tribution of insulin action in cardiac and skeletal muscle may differ, which may impact mitochondrial function differentially.
One potential mechanism contributing to the decreased ETC complex I and IV activities may have been decreases in ETC complex I and IV constituent protein expression. In our studies, we used BN-PAGE technology to assess the content of individual ETC complexes. This technology has been shown to be effective in the analyses of membrane complexes (29) . Moreover, BN-PAGE has been used to diagnose oxidative phosphorylation defects in mitochondria by determining the amount of protein in a given ETC complex using both heart and skeletal muscle samples (33) . In contrast to our current study, Anderson et al. (3) reported no change in discrete subunits of ETC complexes I (ϳ20 kDa), II (ϳ30 kDa), III (ϳ39 kDa), IV (ϳ45 kDa), and V (ϳ50 kDa), expression in atria from patients with diabetes compared with patients without. This finding was in contrast to those in the current study in which decreases in SSM complex I and IV contents were observed. The differences in our findings compared with those of Anderson et al. may be the result of the different experimental procedures employed (standard PAGE vs. BN-PAGE), as well the sample types examined (permeabilized fibers vs. isolated mitochondrial subpopulations). Furthermore, Anderson et al. examined a single discrete subunit from the individual ETC complex of interest that was denatured via standard PAGE. In contrast, our study used BN-PAGE to assess the expression of the entire ETC complex. Furthermore, the differences in results may be partially explained by the examination of muscle fiber preparations that is in contrast to the current study examining isolated mitochondrial subpopulations. One must consider that the results of the current study may be a function in part to assembly or processing of the ETC complex under examination.
With our large data set, we were able to analyze relationships between patients with and without diabetes by examining state 3 mitochondrial respiration rate and ETC complex I activity in SSM, both of which were altered as a result of the pathology. Using linear spline models in which separate regression slopes were generated for patients with and without diabetes, we were afforded the opportunity to determine the relationship between these dysfunctional mitochondrial parameters and the degree of diabetes mellitus extent in each patient subset. Overall these analyses revealed lower SSM state 3 respiration rates as well as ETC complex I activities in the patients without diabetes, which were anticipated. What was most striking about these data was the realization that within the diabetic cohort, patients displayed similar SSM state 3 respiration rates and ETC complex I activity decrements regardless of the absolute HbA1c and blood glucose levels. In other words, as HbA1c and/or blood glucose levels rose in the diabetic cohort, the degree of mitochondrial dysfunction remained similarly robust, whereas in the nondiabetic cohort as HbA1c and/or blood glucose levels rose, SSM mitochondrial function decreased proportionately. These findings were not anticipated and suggest that once the clinical index (HbA1c or blood glucose) reaches the diabetic threshold in the patient, mitochondrial dysfunction is apparent and remains constant regardless of a further increase in the clinical index. Taken together these findings indicate that cardiac SSM are equally dysfunctional in patients with type 2 diabetes at even the lowest clinical diagnostic levels as reflected by significantly lower state 3 respiration rate and ETC complex I activity. These findings suggest that therapeutics designed to treat mitochondrial dysfunction in the patient with type 2 diabetes may be of utility even at earlier stages in which the diagnostic clinical index (HbA1c or blood glucose) reveals initial and/or modest disease manifestation.
The presence of multiple clinical comorbidities in the human patient makes evaluation of the impact from a specific pathology somewhat difficult. Our study population was composed of patients undergoing cardiac procedures, and many were diagnosed with a multitude of compounding pathologies including CAD, hypertension, type 2 diabetes mellitus, and obesity. Although patients diagnosed with a constellation of pathologies were similarly distributed in both groups, it is unclear as to which disease had the most pronounced impact on the observed mitochondrial dysfunction. Our analyses indicated that neither CAD, hypertension, nor BMI alone were the prominent contributing factors to the observed mitochondrial dysfunction in the heart of the patient with type 2 diabetes. These findings are in partial agreement with others examining skeletal muscle mitochondrial dysfunction in patients who are lean, obese, and have type 2 diabetes (19, 27, 28) . In a complementary set of studies, these authors determined that skeletal muscle from patients with type 2 diabetes displayed decrements in SSM ETC function as well as a decrease in SSM number, which were not observed in patients who were obese or lean (19, 28) . Furthermore, these authors reported a tendency for decline in cardiolipin content in patients with type 2 diabetes, which was not observed in patients who were obese (27) . These skeletal muscle data are in partial agreement with the current study and suggest that the diabetic phenotype is the primary contributor to mitochondrial dysfunction in the patients with type 2 diabetes as opposed to obesity. Nevertheless, type 2 diabetes mellitus in the presence of CAD and hypertension present a multifactorial phenotype such that each disease contributes to an additive pathophysiological outcome in the patient. Although our cohort size was large in number, we were unable to separate out the effects of type 2 diabetes mellitus alone on mitochondrial functionality.
In conclusion, we demonstrate that mitochondrial subpopulation-specific dysfunction in the human heart of patients with type 2 diabetes impacts SSM. With the use of linear regression spline models, we illustrate that once the clinical classification threshold for diabetes mellitus is reached in terms of HbA1c or blood glucose levels, SSM dysfunction is apparent at even the lowest clinical diagnostic index and remains constant regardless of further increases in the clinical indexes. Thus therapeutic interventions designed to treat mitochondrial dysfunction in patients with type 2 diabetes may be of utility even at earlier stages of disease manifestation.
